1 JuNE 2004

A Method for Unbiased High-Resolution Aerosol Retrieval from Landsat

LYAPUSTINET AL.

ALEXEI LYAPUSTIN

1233

GEST Center, University of Maryland, Baltimore County, Baltimore, and NASA Goddard Space Flight Center, Greenbelt, Maryland

D. L. WiLLIAMS, B. MARKHAM, J. IRONS, AND B. HOLBEN
NASA Goddard Space Flight Center, Greenbelt, Maryland

Y. WANG

GEST Center, University of Maryland, Baltimore County, Baltimore, and NASA Goddard Space Flight Center, Greenbelt, Maryland

(Manuscript received 4 April 2003, in final form 8 December 2003)

ABSTRACT

Because the land surface reflectance varies spatially, the atmospheric radiative transfer over land in clear-sky
conditionsisessentially three-dimensional. Thisis manifested through horizontal radiative fluxesthat blur satellite
images. It isimportant that the atmospheric blurring systematically increases the apparent brightness of the dark
pixels. As a consequence, there are systematic biases in the satellite products of aerosol optical thickness and
surface albedo over dark targets based on 1D theory, which may have a negative impact on climate research.
Below, a new dark target method is presented for unbiased simultaneous retrieval of the aerosol model and
optical thickness over land from Landsat Enhanced Thematic Mapper Plus (ETM +) data, based on 3D radiative
transfer theory. The method automatically selects an aerosol model from a large set of candidate models using
a statistical approach of the probability distribution function. The dark target method of aerosol retrieval in the
blue and red bands relies on prediction of the surface reflectance in these bands from the shortwave infrared
region (2.1-2.2 um) based on the linear regression. In the Moderate Resolution Imaging Spectroradiometer
(MODIS) agorithm, the regression coefficients are constants, whereas different studies indicate that they have
seasonal and geographic variations. The work here shows that the accuracy of aerosol retrieval over land can
be significantly increased based on ancillary information on the regional and seasonal distribution of theregression
coefficients. This information, which is called surface climatology, can be derived globally around Aerosol
Robotic Network (AERONET) sites, using AERONET aerosol and water vapor information for accurate at-
mospheric correction. This paper describes the developed method in application to Landsat data and its initial
validation with AERONET measurements for a set of ETM + images of the Washington—Baltimore area, and

studies biases of 1D retrievals.

1. Introduction

Presently, large uncertainties in the climate system
are associated with atmospheric aerosol (Houghton et
al. 2001). Anthropogenic aerosols over land are, per-
haps, the least accurately quantified. The main reason
is a strong spatiotemporal variability and a wide range
of microphysical and optical properties of the aerosol
particles (Kaufman et al. 2002, and references within).
Another factor is our limited ability to remotely sense
aerosols from space over land. The most accurate re-
trievals are made over dark dense vegetation (DDV)
targets that are not uniformly available over the globe.
Even where the DDV targets are available, the finest
spatial resolution of the modern global observation sys-
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tems is often too coarse to perform accurate aerosol
retrievals over the urban/industrial regions. Here, the
limiting factor is the small size of the DDV targets in
the cities or zones of industry that may often vary from
afew tens of meters (clumps of trees) to several hundred
meters (small fields and parks). Satellite monitoring of
the main sources of the man-made pollutants is impor-
tant to understand the climate forcing of anthropogenic
aerosols (Charlson et al. 1992). This defines a unique
niche for the Landsat high-resolution measurements
even though the repeat rate of such observationsislow.
There are other needs for the high-resolution aerosol
research, such as analysis of the air quality or investi-
gation of the possible links of aerosols to human health
(e.g., rate of respiratory diseases) in the large cities that
require a small-scale analysis of air pollution.

Specific to such analysisis a high inhomogeneity and
contrast of surfaces, combined with the small size of
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FiG. 1. Results of aerosol optical thicknessretrieval using 1D theory
over dark targets as a function of sensor’s spatial resolution. The true
optical depth, shown by a horizontal bar, is 0.18. The upper lines
(left scale) and lower lines (right scale) correspond to the surfaces
of low and medium contrast. Error bars show the total range of re-
trieved values over alarge number of pixels, and the curves give the
average result. The solid and dashed lines represent two scales of
surface nonhomogeneity: in the first case, the size of the uniform
area varied randomly from 25 to 250 m; in the second case it varied
from 25 m to 2 km.

sparsely located DDV targets. Such conditions enhance
the atmospheric blurring of satellite images otherwise
known as adjacency effect (Otterman and Fraser 1979).
Importantly for our discussion, the blurring systemati-
cally increases the apparent brightness of the dark pixels
that are suitable for aerosol retrieval. The conventional
1D retrieval methods ignore the atmospheric blurring,
and as a result, systematically overestimate the aerosol
optical thickness over land. Lyapustin and Kaufman
(2001) studied errors of 1D aerosol retrievals based on
the accurate simulations for surfaces of different con-
trasts and scales of inhomogeneity. The main result is
reproduced in Fig. 1. It shows that the retrievals of
aerosol optical thickness (AOT) at 30-m resolution are
critically affected by the adjacency effect, and the error
can exceed 100% over the surfaces of medium contrast.
This error decreases with the sensor spatial resolution.
However, Fig. 1 shows that the errors of 1D retrievals
can be significant even at 1-km resolution for conditions
of the medium or high surface contrast.

Recently, we derived a general solution to the prob-
lem of 3D atmospheric radiative transfer over spatially
nonuniform anisotropic surface (Lyapustin and Kny-
azikhin 2001, 2002) using the Green’s function tech-
nique. In the next section, the new theory will be applied
to develop a method of unbiased aerosol retrieval over
dark targets. The following sections 3 and 4 discuss the
models of surface and aerosol used in retrievals. The
last section describes results of processing six Landsat
scenes, validation against Aerosol Robotic Network
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(AERONET; Holben et al. 2001) measurements, and
studies of the accuracy of 1D retrievals.

This work is a first important step in developing a
unified frame for aerosol retrieval and atmospheric cor-
rection for the Landsat data based on 3D radiative trans-
fer theory. At present, the implemented processing chain
includes ingestion of level 1G Landsat data, radiometric
calibration, generation of a mask of DDV pixels, water
pixels, and dark water pixels along with the cloud mask
and the aerosol retrieval. We have adopted the Landsat
Automatic Cloud Cover Assessment (ACCA) cloud
mask algorithm (Irish 2000).

2. Theory of 3D aerosol retrieval

For the purpose of aerosol retrieval, we will use the
Lambertian approximation of the general formulas. For
the Landsat application, this is justified by the fixed
nadir look angle and our focus on the dark targets. Over
the Lambertian surface of albedo q(r), the nadir top-of-
the-atmosphere (TOA) radiance can be expressed as
(Lyapustin and Knyazikhin 2002)

o) = Eolpto)
L(r! /-'LO) = D(/.LO) + 1-
X |a(re + dx
1 [ aPA(p) .
(ZW)ZL 1 —qc(p) exp(—ipr) dp|,
(60

where D is path radiance, E,(u,) is surface irradiance
created by the direct sunlight and path radiance, y isa
diffuse component of the upward atmospheric trans-
mittance, T = e~" + x, and ¢, is spherical abedo of
the atmosphere. Below, we omit the cosine of solar ze-
nith angle (SZA) u, for brevity. In the last term of Eq.
(1), which describes the diffuse transmission of the var-
iation of the surface-reflected radiance, A is the ampli-
tude of the diffuse atmospheric optical transfer function
(OTF), ¢(p) is spherical albedo of atmosphere at spatial
frequency p, and §(p) is spatial Fourier transform of the
surface albedo variation. Formula (1) assumes that the
atmosphere is laterally homogeneous, and the surface
is the only source of spatial variations. Our numerical
analysis shows that for most conditions, except very
high surface contrast, the last term is relatively small,
and can be neglected in the aerosol retrieval. Thus, we
can rewrite Eq. (1) as

E,
1-17qc
For the purpose of aerosol retrieval, the albedo of DDV

pixel g(r) in the blue and red bands can be predicted
using measured reflectance in the shortwave infrared

L() =D + [a(r)e™" + Txl. )
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(SWIR) band (2.1 wm) using linear regression (Kaufman
et a. 1997). Having fixed the aerosol model, we have
two unknowns left in Eq. (2), namely, AOT and mean
surface albedo g of the area surrounding the DDV pixel
in point r. In order to conclude the system, we add the
1D equation for the mean radiance in point r:

E,T
1-1c

which is obtained by averaging the measurements over
a large area around the given dark pixels. Introduction
of parameter 8 = (L — D)/E,T yields an implicit equa-
tion for AQT retrieval that has a unique root:

L() =D + q(NEe (1 + Bc) + BEx. (4

When the surface contrast is very large (e.g., partial
snow cover), the aerosol retrieval becomes an iterative
procedure inseparable from the atmospheric correction.
This much more complex algorithm is far beyond the
scope of this paper. Our experience with Landsat data
shows that formula (4) is adequate for accurate unbiased
aerosol retrievals (see section 5) in snowless conditions.
This formula contains only the atmospheric functions
that are well known from 1D radiative transfer theory.
Thus, the advantage of this algorithm is simplicity and
high efficacy: it only requires an additional averaging
over the moving window, as compared to the 1D al-
gorithm, and can beimplemented operationally. Thesize
of averaging window depends on many factorsincluding
scal e of surface inhomogeneity and surface contrast, the
average height of aerosol layer and a typical scale of
horizontal variability of aerosol, etc. Our earlier theo-
retical and simulation studies (Lyapustin 2001) showed
that the window size of 2-5 km quite accurately rep-
resents the 1D regime over land under a variety of con-
ditions. In this work, we are using the window of 3 km
X 3 km, which was additionally adjusted by trial and
error based on real Landsat scenes. Also, below, we
refer to g and L as locally averaged quantities.

The traditional remote sensing of aerosol and land
surface reflectance is based on the independent pixel
approximation (IPA), that is, formula (3) applied on a
pixel level. Comparison of IPA with the 3D solution
shows a difference [q — q(r)][Eox/(1 — Tdc,)],which
over the dark targets, is systematically interpreted by
the 1D algorithm as an excessive AOT.

In order to account for the finite bandwidth of the
Landsat spectral channels, formula (4) is rewritten as
follows:

L(r) = D** + q(r){Eee )an(1 + Bc3) + BN Eox)an,
®)
where g2 = (L — D*)/E,T),,, and superscript AA

and brackets ( ),, indicate spectral averaging. For ex-
ample,

L=D+q ©)
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where h, isthe spectral bandpass function of the Landsat
channel, F,, is the extraterrestrial solar flux, and the
monochromatic path radiance is calculated for the uni-
tary solar illumination.

3. Surface climatology

The AOT retrieval relies on independent evaluation
of the surface reflectance (q2). In Moderate-Resolution
Imaging Spectroradiometer (MODIS) blue (0.47 wm)
and red (0.66 um) bands, g2 is predicted from the TOA
SWIR (2.1 wm) measurements (pSV'R) over the DDV
targets (Kaufman et al. 1997) with an accuracy of 0.006
(Karnieli et al. 2001):

qSBIue — 025pS\NIR’ qls?ed — O.SPSNIR. (7)

This relation has a strong physical basis for vegetation
due to the correlation of chlorophyll absorption in the
blue and red and absorption of liquid water in the SWIR.
The use of the SWIR band is very convenient as it has
very little atmospheric contamination except for con-
ditions of high aerosol loading and presence of dust.
Originaly, the regression coefficients of Eq. (7) were
derived from a limited number of ground spectrometer
measurements and Airborne Visible Infrared Imaging
Spectrometer (AVIRIS) flight data. It is clear that they
depend on many factors including type of vegetation,
its phenophase, and stress condition, etc. Theserelations
may have geographic and seasonal dependence. There-
fore, for reliable aerosol retrievals one needsto establish
a reliable surface climatology of the regression coeffi-
cients.

In thiswork, we performed an atmospheric correction
of six available Landsat images around the AERONET
site at the National Aeronautics and Space Administra-
tion (NASA) Goddard Space Flight Center (GSFC) us-
ing AERONET retrievals to characterize aerosols. For
this purpose, we developed a code for the full 3D at-
mospheric correction of the Landsat data. In detail, this
method will be described elsewhere. Here, we only men-
tion the main steps of processing: 1) calculate the av-
erage surface albedo from the mean TOA radiance using
Eqg. (3); 2) make the Fourier transform (F) of the ra-
diance spatial variation [see Eq. (1)],

E >I_K)ET+NW
1-1c 1-qc(p)’
and calculate the Fourier transform of the surface albedo
variation g(p); 3) find §(r) by applying the inverse Fou-
rier transform, and calculate surface albedo as q(r) =
q + §(r). As before, al the RT functions used in cal-

ﬁu«r—ﬂ( ®)
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FiG. 2. Comparison of RGB color composites of (left) measured TOA reflectance and (right) corrected surface albedo for ETM + image
of 5 Oct 2001. The R, G, and B components are equally weighted.

culations represent spectrally integrated values in order
to account for the width of the Landsat spectral bands.
The 3D RT functions A(p) and c(p) are calculated using
our solution for atmospheric optical transfer function
with the method of spherical harmonics (Lyapustin and
Muldashev 2001). The accuracy of retrieved surface al-
bedo given the perfect knowledge of atmospheric con-
ditions is several relative percent, the same as the ac-
curacy of Eq. (2).

Using this code, we performed correction of all Land-
sat channels for the subscenes of 512 X 512 pixels
around GSFC. By visual imagery analysis, we select
cases with homogeneous atmosphere within the radius
of 7-8 km. An example of atmospheric correction of
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the ETM + image around GSFC acquired on 5 October
2001 is shown in Fig. 2.

The derived surface albedoes, which are regionaly
representative and have a large sampling statistics and
seasonal dependence, allow us to get a better insight
into the nature of regression (7). Figure 3a shows scat-
terplots of relation pB'e versus pSV'R and pR versus
pSWR for the DDV pixels of the ETM+ scene of 11
May 2000 around GSFC. The DDV pixelswere selected
based on the criteria

NDVI, = 0.75, and 0.01 = pS¥R < 0.05. (9)

The line shows the best-fit linear regression p2 = A +
BpSVIR. For all processed experiments, the offset A was
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Fic. 3. The regression of surface reflectance for the DDV pixels between ETM + band 7 (2.2 um), band 1 (0.477 pwm), and band 3
(0.66 um).
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TaBLE 1. The regression coefficient B, correlation coefficient R,
and uncertainty of regression & between ETM + bands B7 and B1,
and B7 and B3, obtained for the DDV pixels.

DaIe Bl7 R17 * 617 B37 R37 * 637

28 Jul 1999 035 067 0005 047 076 0.006
24 Mar 2000 044 0.72 0007 066 082 0.007
11 May 2000 038 0.72 0.005 052 0.83 0.005
2Aug 2001 034 050 0005 047 067 0.005
5 Oct 2001 034 044 0008 055 064 0.009
21 Oct 2001 035 054 0008 065 062 0.009

less than =0.001-0.003 and was neglected. Table 1
summarizes statistics for the selected areaaround GSFC
for six processed scenes. It shows that the uncertainty
of regression (6) is about =0.005-0.009, or 20%—30%
of the average reflectance of vegetation in the red band.
This agrees with the uncertainty estimate of Karnieli et
al. (2001). The uncertainty is minimal during the max-
imum vegetation period. Its increase in the late fall and
early spring is probably explained by changes in the
plant leaf spectra and changes in the number of mixed
pixels due to the decrease in foliage. Table 1 shows that
the regression coefficient for the blue band (B,,) isrel-
atively stable, whereas the red band coefficient (B,;) has
a clear seasonal dependence. In an earlier work, Remer
et al. (2001) found that regression coefficients in both
blue and red bands depend on season. One can see that
the average derived coefficients (0.35, 0.55) are differ-
ent from those used for MODIS (0.25, 0.5), which is
probably due to spectral differences between MODIS
and ETM + bands. We plan to continue development of
the geographically distributed surface climatology by
processing a large number (over 55) of Landsat scenes
collected within the MODIS land validation program
over the core MODIS validation sites (Morisette et al.
2002).

4. Selection of aerosol model

In the DDV method, the AOT can be independently
evaluated in the blue and red spectral bands. The spec-
tral dependence of extinction can be used for simulta-
neous selection of the aerosol model from the repre-
sentative set of climatology-based candidates (e.g., Mis-
chenko et al. 2002; Dubovik et a. 2002). In the MODIS
algorithm (Kaufman et al. 1997), this selection is based
on thresholds depending on the value of the ratio Qge/
Qa've, where function Q) = w* 7 x*(y) is somewhat pro-
portional to the single scattering path radiance [ x*(vy)
is phase function, and vy is the angle of scattering], and
AQT retrievals are initially performed with the fixed
continental aerosol model. The choice of model is ad-
ditionally directed by the ancillary information on the
global distribution of several main aerosol types.

Our experience with Landsat data shows that, in rel-
atively clear conditions, the ratio Q3/Qg'" is very sen-
sitive to the uncertainties in the surface reflectance, and
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Fic. 4. The variability of spectral extinction for different aerosol
models. The two models (solid and dashed lines) are formed of the
same fine (F) and coarse (C) fractions, but with different relative
concentrations C,./C,; = 0.1, 1. The lines show the spectral depen-
dence of AOT for three LUT entries specified at 0.44 um (7%% =
0.25, 0.3 0.35). The vertical lines show the centers of the ETM +
blue (B1) and red (B3) bands.

for this reason alone it can often be a poor predictor of
the aerosol model. By trial and error, we have devel oped
adifferent aerosol retrieval technique based on 1) quasi-
continuous rather than discrete representation of aerosol
model, and 2) probability distribution method designed
to mitigate uncertainties in the predicted surface reflec-
tance.

In this work, we focus on the regional rather than
global scale (Washington, D.C.—Baltimore region,
Landsat path 15, row 33). For this area, we developed
a static family of candidate aerosol models using the
AERONET Urban-Industrial/Mixed GSFC model (Du-
bovik et al. 2002) to evaluate the range of aerosol mi-
crophysical parameters. The models are described by a
bimodal lognormal distribution. There are eight differ-
ent fine fractions specified by the modal radius R, =
{0.04, 0.07, 0.1, 0.125, 0.15, 0.175, 0.2, 0.23 um} and
standard deviation o, = 0.38, and one coarse fraction
with R, = 3 um, o, = 0.75. The index of refraction
n = {1.41, 0.0035} is assumed to be the same for fine
and coarse modes (Dubovik et al. 2002). Based on these
properties, we make separate Mie calculations to find
spectral extinction and scattering coefficients, and phase
function for each fraction in ETM + bands. The fine and
coarse fractions are then mixed with a different ratio of
volumetric concentrations C,./C, = {0, 0.1, 0.2, 0.3,
0.50.75, 1, 2, 4, 6, 8}. Thus, we get 88 different com-
binations spanning a broad range of values of Angstrom
parameter and asymmetry of scattering. One important
property of thisset of modelsisquasi continuity in either
radius of fine mode or relative concentration.

The aerosol retrievals are based on the lookup tables
(LUTs), which are calculated for each of 16 AOT grid
values (0.05, 0.1, 0.15, ... 0.8, 0.9, 1, 1.2, 1.5), where
AOT is specified at 0.44 wm. The idea behind the aero-
sol model selection isillustrated in Fig. 4. It shows the
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Fic. 5. lllustration of the weight distribution for aerosol models for two different
days. The model is defined by the modal radius of the fine fraction R, = (0.04,
0.07, ..., 0.23) and the ratio of concentration C,./C, = (0, 0.1, 0.2, ..., 8).

spectral dependence of AOT in ETM+ bands B1 and
B3 in grid points 794 = 0.25, 0.3, 0.35, for two aerosol
models with the same fine and coarse fractions but dif-
ferent ratio C,./C, = 0.1 and 1. During retrievals, the
algorithm goes incrementally through every combina-
tion of pairs (R, C,./C,). The pair is considered to be
acandidate solution, if theretrieved %477 and T°%¢ reside
within the same AOT bin (e.g., %% = 0.25, 79% =
0.3), and occupy the same relative position within the
bin. Thus, in the absence of noise, the best candidate is
the model that provides the smallest ““bin travel” distance.

In reality, there are always systematic and random
AQOT retrieval errors related to the earlier-discussed un-
certainties of the surface reflectance. For this work, we
eliminated systematic errors provided that the local sur-
face estimates around the GSFC AERONET site are
representative of the whole image (=180 km). Still,
there are random retrieval errors due to uncertainty of
predicting surface reflectance (6 = =0.005-0.009).
These errors are uncorrelated in the blue and red bands.
There are two consequences of this fact: 1) more ac-
curate retrieval would require accumulation of the re-
trieval stetistics over a number of DDV pixels, and 2)
aerosol models with nonzero bin-travel distance may
also be a solution. In order to discriminate between
different potential solutions, we divided each A 7°4 bin
into five subbins and defined the integer ““travel” dis-
tance (y) asthe difference in the subbin number between
retrieved AOT 79477 and 7°%. Based on that, we intro-
duced weights (w) for different travel distancesw = av,
where a < 1. The weight is designed to reward the
perfect model (y = 0) and punish imperfect ones (y >
0) still considering them as potential solutions. Each of
88 modelsisevaluated for the whole image by summing
weights for every retrieval. Figure 5 shows two ex-
amples of obtained distributions, which are essentially

probability distribution functions of different aerosol
models given the uncertainties of surface reflectance.
From these distributions, we finally derive the most
probable modal radius and ratio C,./C, that define the
dominant aerosol model. The value of base a in weight
calculation is selected according to the discretization of
A 794 grid (the number of subbins) and the uncertainty
in the surface reflectance (6). We found that the use of
base a = 0.3-0.5 gives stable selection of the dominant
aerosol model.

The final aerosol optical thickness is then retrieved
with the dominant model. Here, in order to additionally
reduce the role of spectrally uncorrelated surface re-
flectance errors, we make one simultaneous retrieval for
apair of measurements in the blue and red bands, since
the spectral behavior of extinction had been fixed by
the dominant model. As a result, we get the same av-
erage optical thickness as with the independent retriev-
alsof AOT, but avoid unphysical spectrally uncorrelated
fluctuations of AOT for the nearby pixels. Thisapproach
significantly improves spectral stability of the subse-
guent atmospheric correction over the dark vegetation.

The LUT generated for aerosol retrievals consists of
the following functions: {D** (), (Eo(o)T)ars
(Eo(fo)X)ar, T>*, C3*}. The spectral integration uses 10
monochromatic calculations across each ETM + band
for spline interpolation in the nodes of the bandpass
function. The LUT has the following dimensions: 41
values of SZA, cos(SZA) = {0.2, 0.22, ..., 0.98, 1},
16 AOT values specified at 0.44 um, and 88 aerosol
models for the static family. The LUT functions are
linearly interpolated in SZA and AOT. In order to ac-
count for the surface height variation, we generate two
LUTs, for the sea level and for the surface height of 3
km. During retrievals, we perform interpolation ac-
cording to the pixel surface pressure, obtained from the
Global 30-Arc-Second Elevation Data Set (GTOPO30)
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Fic. 6. The RGB color composite of the ETM + image of the Chesapeake Bay region acquired 2 Aug 2001. Washington, D.C., is in the
middle, and Baltimore lies to the north. The Shenandoah Valley is on the left.

data elevation model and pressure profile from the rel-
evant Standard Model of Atmosphere (Berk et al. 1989).
Although the described LUT generation task seemsfor-
midable, the automated procedure we devel oped based
on the spherical harmonics (SHARM) code (Muldashev
et al. 1999) is very fast: it only takes about 1-1.5 h on
the laptop Dell Inspiron 8000 with 512-MB RAM and
a 750-MHz processor to perform the full described set
of calculations with an accuracy of about 0.05%. This
important advantage allowed us to run a large number
of test casesin order to optimize the retrieval agorithm
in terms of aerosol models.

5. Results
a. Accuracy of 3D algorithm

The described method was applied to six ETM +
scenes of the Chesapeake Bay area (path 15, row 33),
which have low cloud cover (0%—15%). Below, we give
a detailed description for one case of 2 August 2001
followed by the discussion of AERONET validation for
the other experiments.

The RGB color composite of the ETM + image of 2
August 2001 is shown in Fig. 6. The conditions are
clear with little contamination by relatively thin cirrus



1240

200

e L

00 01 02 03 04 05

300

400 500

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 61

0

20

180

270

360

450

0 100

200

——

0.00 0.05 0.10 0.15 0.20

300 400 500

Fic. 7. AOT retrieved with the 3D algorithm in ETM + (left) band 1 and (right) band 3 on 2 Aug 2001. The images are correlated,
which is a consequence of our combined AOT retrieval in the blue and red bands with the dominant aerosol model.

clouds in the form of contrails stretching across the
Potomac River and Chesapeake Bay in the northeast
direction. There are also some clouds along the Shen-
andoah Valley (on the west) that are well seen on the
thermal image. An enhanced blurring along the left side
of the image, which is noticeable at the Landsat reso-
lution of 30 m, can be identified as higher aerosol load-
ing.

In retrievals, we applied the surface regression co-
efficients derived around the GSFC AERONET site (Ta-
ble 1) to the whole image. The probability distribution
of aerosol models for this day (see Fig. 5) yields R, =
0.07 um, C,./C, = 0.2 for the dominant model. The
aerosols were retrieved at an effective = 500 m reso-
lution (16 by 16 pixels). The local average radiance
required by the 3D algorithm to evaluate the mean sur-
face albedo was calculated using the window of 3 km
by 3 km.

The spatial distribution of derived AOT is shown in
Fig. 7. One can see a very good qualitative agreement
of the retrievals with visual imagery analysis. The aero-
sols have a smooth spatial distribution with an increase
in the westward direction. Importantly, there is no sig-
nificant aerosol variability between the high-contrast ur-
ban-industrial regions (e.g., Washington, D.C., Balti-
more) and rather homogeneous vegetated areas around,
which is an indirect proof of the good performance of
the new algorithm. Further, we compared retrievalswith
available AERONET measurements at GSFC, Balti-
more, and Annapolis (Fig. 8). The derived 3D AOT
shown by squares are averaged over the 5 km by 5 km
box centered on AERONET locations, and error bars
show the one-sigma variation. The relatively large size

of the box allows usto always have at least oneretrieval
for comparison, especialy in early spring and late fall,
when the DDV targets are sparse. This is also true for
the Baltimore instrument located downtown, with the
closest DDV targets suitable for retrieval 1-2.5 km
away. The direct sun photometer measurements of the
optical thickness were typically within 15 min from sat-
ellite overpass, and the full AERONET retrievals are
available within 16-35 min, except for 28 July 1999 (4
h). Figure 8 shows that for all of the processed exper-
iments the results of the 3D algorithm are in excellent
agreement with the sun photometer measurements, with-
in £(0.02-0.03). This agreement itself proves a robust
selection of the dominant aerosol model. On the whole,
our retrievals also correctly reproduce the spatia dis-
tribution of aerosol between two or three validation
points. The microphysical characteristics of the selected
dominant model are compared with full AERONET in-
versions (Dubovik and King 2000) in Table 2. Probably
because very limited statistics are available and con-
ditions are rather similar, there is no obvious correlation
between these datasets. For example, both retrievals
gave the lowest amount of coarse fraction for two sum-
mer cases of 28 July 1999 and 2 August 2001, yet cases
of the high ratio C,./C,, are not correlated. There may
be two factors smearing the picture. First, our aerosol
model selection is based on the whole Landsat image
rather than on the local conditions. Second, AERONET
and satellite retrievals use measurements in different
hemispheres of the light scattering that may not nec-
essarily carry the same information about the aerosol
microphysics. Also, only two bands of spectral infor-
mation are availablefor our retrievals, while AERONET
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3, where O and ¢ show the results of 3D and 1D algorithm, respectively. For the visualization purpose, the results for Annapolis and
Baltimore are shifted 20 nm to the left and right from the respective ETM + bands. Also shown are two additional 3D retrievals. The fixed
surface regression coefficients (0.35, 0.55) are indicated by (+), FS; (A) indicates retrievals with fixed regression coefficients and fixed

aerosol model, FS & FA.

uses six-band spectral and multiangular information at
additional constraints by the direct measurements of the
optical thickness. Given all that, we consider it very
encouraging that the range of derived (R, C,./C,) val-
ues is very similar to the AERONET results. We hope
that with accumulation of the retrieval statistics, wewill
soon be able to ascertain the usability of the developed
method for characterization of the aerosol propertiesin
terms of a combination of radius of fine mode and ratio
of concentrations.

The demonstrated high accuracy of AOT retrievals
requires aconsiderable effort on development of surface
climatology (regionally and seasonally dependent re-
gression coefficients) and time-consuming retrievalsfor
a large set of candidate aerosol models. On the other
hand, the MODI S land aerosol algorithm uses constant
regression coefficients for the whole globe, and several

discrete aerosol models for the main aerosol types. We
conducted an additional study trying to answer the fol-
lowing two questions. What accuracy of AOT retrieval
do we get in the MODI S-like approach with 1) surface
regression coefficients fixed at the average level (0.35,
0.55), and 2) additionally fixed aerosol model (R, =
0.1 um, C,/C, = 0.3)? The corresponding retrievals
are shown in Fig. 8 with (+) and (A), respectively. One
can see the deterioration in accuracy by a factor of 3—
5 for five out of six experiments with fixed regression
coefficients (the case of 5 October 2001 should not be
considered because the fixed parameters coincide with
the accurate results). When we additionally fixed the
aerosol model using the average parameters, theretriev-
al resultseven slightly improved. Thistellsusthat fixing
the regression coefficients, even at the regional level,
introduces error so large that the selection of aerosol

TABLE 2. Comparison of the aerosol microphysical properties derived from ETM + data with AERONET retrievals. Columns 2-4 give
the AERONET values for radii of the fine and coarse modes, and ratio of concentrations for GSFC, Baltimore, and Annapolis, respectively.

The last two columns show the radius of fine mode and the concentration ratio of the dominant aerosol model.

Dae R/l R/c Cvc/Cvf R/f Cvc/Cvf
28 Jul 1999 0.146 3.24 0.44 0.1 0.3
24 Mar 2000 0.146, 0.127 2.63, 2.86 0.51, 0.48 0.15 0.75
11 May 2000 0.153, 0.165 2.21, 2.58 1.03, 1.5 0.125 0.5
2 Aug 2001 0.148, 0.136, 0.098 3.77, 3.28, 2.95 0.92, 0.35, 0.28 0.07 0.2
5 Oct 2001 0.142, 0.136, 0.137 3.1, 3.62, 3.44 0.83, 0.97, 0.58 0.125 0.5
21 Oct 2001 0.136, 0.127 2.92,3.19 0.91, 0.43 0.15 1.0
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Fic. 9. The difference in aerosol optical thickness retrieved with 1D and 3D algorithms. Results for ETM + (left) band 1 and
(right) band 3, respectively.

model becomes unstable, so the additional constraining
of the aerosol model stabilizes somewhat the AOT re-
trieval. This conclusion shows a pathway to a consid-
erable improvement in aerosol retrievals through the
development of geographically and seasonally repre-
sentative surface climatology around AERONET sites.
We have initiated this work and plan to continue using
ETM + measurements collected by the MODI S land val-
idation group. In parallel, we are developing the rig-
orous algorithm of the full atmospheric correction of
MODIS data using ancillary information on aerosol and
water vapor from AERONET and National Centers for
Environmental Prediction (NCEP) ozone data. This
work will provide a basis for potentially significant im-
provement of the operational aerosol retrievals over land.

b. AOT biases

In order to evaluate biases of the 1D algorithm pre-
dicted by theory (Fig. 1), we have also performed 1D
AOT retrievals using the dominant aerosol model se-
lected by the 3D algorithm. The corresponding results
over the AERONET sites are shown by diamonds in
Fig. 8. One can see that, in agreement with theoretical
predictions, there isanonnegligible positive bias caused
by the land surface inhomogeneity. As we mentioned
earlier, the shown data are averaged over the 5-km win-
dow. The analysis of the individual retrievals shows a
larger variation of 1D AOT as compared to 3D AOT.

Assuming 3D retrievals as a truth, we can now |look
at the spatial distribution of the error of the traditional
1D algorithm shown for 2 August 2001 in Fig. 9. In

general, over the relatively homogeneous vegetated ar-
eas the difference between 1D and 3D results in clear
conditions is relatively small, within 0.02 in the blue
and 0.01 in the red. However, the error sharply increases
and reaches 100% and more over the urban centers,
where the surface brightness and contrasts are higher.

For comparison, Fig. 10 shows 1D MODIS aerosol
product (MODO4) for 2 August 2001. The MODIS al-
gorithm uses measurements at 500-m resol ution at nadir,
and makes retrievals at an aggregated 10-km scale. One
can see a factor of 1.5-3 higher amount of the retrieved
aerosol over Baltimore and Washington, D.C., as com-
pared to the background level, and 2—4 times larger
AQOT in comparison to AERONET measurements. The
3D radiation effects discussed above have, probably, a
minor role in these errors. The main reason for these
artifacts is that in the current MODIS algorithm the
surface regression technique (7) is not limited to the
DDV targets but extends to much brighter surfaces
(Kaufman et al. 1997). Our analysis of the atmospher-
ically corrected ETM+ data shows that, in this case,
the uncertainty of regression grows by a factor of 2—6,
and importantly, the slope of regression shifts from the
average 0.35/0.55 in the blue/red to the higher values
(=0.7-1.2). If this increase in the slope is not a priori
taken into account in the algorithm, then the retrieved
AOT becomes correlated with the surface brightness,
which is what we see in the MODIS data. This discus-
sion shows that the current MODI S aerosol product over
large cities and industrial centers should be used with
extreme caution in aerosol and climate studies, as these
data may be seriously biased.
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6. Conclusions

In this paper we described a new dark target method
of aerosol retrievals over land. The new method is based
on 3D radiative transfer theory that removes positive
biases of 1D retrievals when the surface is nonhomo-
geneous. The method is designed to simultaneously re-
trieve the aerosol model described by the bimodal dis-
tribution, and optical thickness. The model of aerosol
is selected from the representative family of models,
which is quasi continuous in the radius of fine fraction
and in the ratio of concentrations of the coarse and fine
fractions. We fixed the refractive indices of aerosol par-
ticles based on average AERONET values for the re-
gion. The best-fit aerosol model is selected based on the
probability distribution function calculated from theim-
age for the whole space of the candidate models. The
way to build this space is not unique, but islogical and
optimized by trial and error. Remer and Kaufman (1998)
recently introduced the concept of dynamic aerosol
model in which the particles grow and other parameters
may change with aerosol loading. Later, Dubovik et al.
(2002) summarized a large statistics of AERONET re-
trievals to describe the dynamic models for different
worldwide locations. The static model we used in this
research does not preclude solution from dynamic be-
havior, which would be selection of the larger radius of
the fine fraction at higher aerosol loading. On the other
hand, since dynamic growth of aerosol particles is not
observed everywhere (O. Dubovik 2003, personal com-
munication), our static model does not force the solution

to behave ‘“dynamically.” At present, the static family
of models is tuned to the meteorological conditions of
the Baltimore-Washington, D.C., region. With geo-
graphical broadening of the new method's application,
we will develop complementary models based on grow-
ing AERONET statistics for the main aerosol types.

A validation of the six processed ETM + scenes with
measurements of three AERONET stations showed an
excellent accuracy of the retrieved aerosol optical thick-
ness (+0.02-0.03). The observed very high accuracy is
probably a result of several factors that favored our
study. First, the estimate of accuracy is based on avery
limited number of processed cases (six), and is not sta-
tistically representative. Second, the atmospheric con-
ditionswere stable in all cases, with, probably, the same
dominant aerosol type that is described well by the
GSFC Urban-Industrial Model (Dubovik et a. 2002),
and, which, in turn, we used to build a static family of
aerosol models used in retrievals. For example, change
of air masses bringing different types of smoke or dust
into the region would definitely lower the overall ac-
curacy. For all of these reasons, we do not consider the
obtained accuracy (*+0.02-0.03) as a representative
characteristic of the new method, rather as an objective
that may be achievable on the regional level under the
dominant and stable atmospheric conditions.

The accuracy of the new algorithm does not deteri-
orate over the brighter and high-contrast urban—indus-
trial regions, which is a significant drawback of 1D
methods. In combination with the high-resolution of
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Landsat, which catches small patches of vegetation in
the urban developments, large cities and industrial cen-
ters, the new method may become a very important tool
for studying the sources of the man-made pollutions. In
the near future, we are planning to test the sensitivity
of the new method to detect variability of aerosols over
large cities from Landsat, which is very important for
the air quality control and environmental and health
issues.

One important conclusion of our study is the need
for development of the regionally tuned surface cli-
matology. Such ancillary information derived world-
wide around AERONET sites will lead to significant
improvement of the accuracy of operational aerosol re-
trievals over land. As we showed in section 3, on the
regional level the regression coefficients have an ex-
pected and nonnegligible seasonal dependence, at least
in northern latitudes. Thus, removal of seasonal trends
in the aerosol data will be invaluable for an improved
atmospheric correction. In particular, this alone will im-
provereliability of the time seriesanalysis of vegetation,
which is one of the important methods of climate anal-
ysSis.
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